Abstract. The solvent used for preparing the binder solution in wet granulation can affect the granulation end point and also impact the thermal, rheological, and flow properties of the granules. The present study investigates the effect of solvents and percentage relative humidity (RH) on the granules of microcrystalline cellulose (MCC) with hydroxypropyl methyl cellulose (HPMC) as the binder. MCC was granulated using 2.5% w/w binder solution in water and ethanol/water mixture (80:20 v/v). Prepared granules were dried until constant percentage loss on drying, sieved, and further analyzed. Dried granules were exposed to different percentage RH for 48 h at room temperature. Powder rheometer was used for the rheological and flow characterization, while thermal effusivity and differential scanning calorimeter were used for thermal analysis. The thermal effusivity values for the wet granules showed a sharp increase beginning 50% w/w binder solution in both cases, which reflected the over-wetting of granules. Ethanol/water solvent batches showed greater resistance to flow as compared to the water solvent batches in the wet granule stage, while the reverse was true for the dried granule stage, as evident from the basic flowability energy values. Although the solvents used affected the equilibration kinetics of moisture content, the RHexposed granules remained unaffected in their flow properties in both cases. This study indicates that the solvents play a vital role on the rheology and flow properties of MCC granules, while the different RH conditions have little or no effect on them for the above combination of solvent and binder.
INTRODUCTION
In recent years, granulation has been studied extensively. With tablets and capsules being the most common and convenient solid oral dosage forms, an optimally designed granulation technology can act as a tremendous tool for minimizing the variability in the batches, and hence diminishing the risk of poor quality (1) . Over the past few decades, the practice of pharmaceutical granulation, especially wet granulation, has evolved scientifically and technologically. Wet granulation is defined as the process of mixing the drug and the filler powders together, and subsequently, wetting them by a binder solution to obtain agglomerates such that the individual particles can still be differentiated (2) . The type and the concentration of the binder solution used plays a critical role in the wet granulation end point determination (3, 4) and also on the various physical attributes of the tablets (5,6) such as hardness, friability (7), dissolution time (8) , disintegration time (9) , compressibility, and the content uniformity of the tablets (10) .
End point in wet granulation refers to the point and the appropriate time at which the granules reach the desired stage of similar mean particle size distribution, density, and homogeneity (11) irrespective of the processing variables such as the impeller or chopper speed and the binder addition rate (12) . Although there is no generalized method of end point detection in wet granulation, a few methods like NIR spectroscopy (13) , torque measurements (14) , and power consumption (15) have been used successfully to date. Recently, thermal effusivity measurements have come up as a novel tool to determine the end point of wet granulation by measuring powder energies and thermal properties (16, 17) .
Microcrystalline cellulose (MCC) is one of the most commonly used pharmaceutical excipient in the production of tablets and capsules. It can be used both as a diluent or binder in the wet granulation and direct compression processes. Binders play an important role in determining the hardness and friability of the tablets (18) . HPMC cellulose ethers serves as a great binder and adhesive in the wet granulation step for the production of the immediate and sustained release tablets (19, 20) . The viscosity and surface tension of the binder solution are known to impact the granulation mechanism depending on the capillary and viscous forces (21) .
The flow properties of the granules formed after wet granulation are greatly influenced by the environmental conditions, such as humidity and temperature, under which the granules are stored in hoppers, transported, formulated, mixed, compressed, and packaged (22, 23) . So, the significance of understanding the powder rheological properties with an outlook to obtain the desired reproducible end results cannot be negated (24, 25) . The traditional methods like angle of repose (26) , bulk and tapped density (27), Carr's compressibility index (28) , and Hausner's ratio (29) have long been used for the powder flow characterization, but the lack of reproducibility and predictability paved ways to the need for novel methods. With the advancement in technology, new methods such as shear cell (30, 31) , avalanche testing (32), cohesivity determination (33), torque rheometer (34), penetrometry (35) , atomic force microscopy (36) , and powder rheometer (37) have been successfully used, but no specific method has still been standardized for the assessment of powder flow properties. Powder rheometer has shown reproducible and acceptable results in measuring the dynamic, bulk, and shear properties of powders (38, 39) .
The aim of the above-mentioned study was to evaluate the use of the thermal effusivity probe and the freeman technology (FT4) powder rheometer, as joint tools in determining the effect of solvents on the optimum wet granulation end point of the MCC granules, formed with hydroxypropyl methyl cellulose (HPMC) as a liquid binder in water and ethanol/water (80:20) solvent systems. Besides this, the primary purpose of the research was to assess the effect of the solvents used above on the rheological properties of the wet and dried granules using the powder rheometer. In addition to this, it focuses on the impact of different levels of humidity on the flow properties of the dried granules, for the above combination of solvent and binder. The above-mentioned study shall help the formulation scientists in the selection of suitable solvents and optimum storage conditions for the granules, in terms of their rheological and flow property values. These values can, in turn, help in assessing the stability of the granules when exposed to the different humidity environment, which always remains an area of concern for the pharmaceutical industry.
MATERIALS AND METHODS

Materials
Microcrystalline Cellulose (Avicel® PH-101 NF, lot#: P113825474 FMC Biopolymer, Philadelphia, PA) was used as given. Hydroxypropyl methyl cellulose (METHOCEL™ E15 Premium LV lot# VL23012406 a trademark of the Dow Chemical Company, Midland, MI) was used as a binder solution with deionized water (Barnstead Nanopure -Thermo scientific system, Waltham, MA) collected below 13 mΩ/cm and ethyl alcohol (190 proof ACS/USP grade, lot# C1202101, Pharmco Products Inc., Brookfield, CT) as solvents.
Small-Scale Preparations
Ten grams of MCC 101 was granulated with varying (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60) percentage (% w/w) concentration of HPMC E15 (2.5% w/w) as binder using water and ethanol/water (80:20) mixture as solvents in a mortar and pestle. Subsequent thermal effusivity measurements were conducted using the thermal conductivity (TC) probe, Mathis instrument. The tentative end point of wet granulation was determined for both granulating fluids.
Preparation of Granules
To reach to an even more precise conclusion regarding the wet granulation end point, a (±2.5%) of the end point binder solution was carried out in both cases. Wet granulation was carried out by a cuisinart mixer (East Windsor, NJ) on a batch size of 700 g of MCC 101 with 42.5%, 45%, 47.5%, 50% w/w binder solution (in case of water) and 45%, 47.5%, 50%, 52.5% w/w binder solution (in the case of ethanol/water mixture). The granulating fluid was added for a period of 30 s, and the blade speed was maintained between 40 and 60 rpm with the total process of wet granulation being carried out for 3 min. The wet mass, thus obtained after subsequent addition, was subjected to rheometer for further analysis. The remaining wet mass was passed through sieve #12; dried at 60°C until the percentage moisture content was reduced to 3-5%; and finally, the dried granules were collected for further assay. Percentage moisture content was established using loss on drying (Ohaus, MB 200, Pinebrook, NJ) measurements. The granules thus collected for each batch were subjected to rheological characterization. All the experiments and the powder characterization were done in triplicates to measure reproducibility, and the standard deviation obtained was <10%.
Thermal Effusivity Measurements
The thermal effusivity measurement was carried out using the non-destructive, rapid testing c-therm (formerly Mathis instrument, Canada) ESP TM thermal conductivity (TC) probe. Samples following the wet granulation were placed in direct contact with the sensor surface, so as to provide the maximum surface area contact for efficient results. The TC probe utilizes the principle of the change in the voltage drop of the sensor element as a result of the interfacial temperature change between the sample and the sensor due to the heat generated by the sensor. Thermal effusivity is a function of the thermo-physical properties of the material given by the following equation:
Where k Thermal conductivity (W/m·K) ρ Density (kg/m 3 ) C p Heat capacity (J/kg·K) An equal volume-filled spatula of the sample (2-3 g) obtained from different locations of the above-mentioned prepared wet granules of MCC 101 with 42.5%, 45%, 47.5%, 50.0% w/w binder solution (in case of water) and 45%, 47.5%, 50.0%, 52.5% w/w binder solution (in the case of ethanol/water mixture) was subjected to the thermal effusivity testing. The experiments were conducted in triplicates, so as to define the specific wet granulation end point for each batch.
Preparation of Humidity-Controlled Environment
The end point dried granules for both cases were treated with a chemically controlled humidity environment for a period of 48 h by the use of the binary saturated aqueous solutions in which the solute is highly non-volatile. Saturated salt solution was prepared as a slushy mixture with distilled water and chemically pure salt enclosed in a sealed glass or metal chamber. The humidity chamber thus prepared was inspected for the required relative humidity using a digital VWR Hygrometer. Given that a saturated salt solution imparts only one relative humidity at a particular temperature (40) , different salts were selected to provide three different relative humidities of 22.5%, 53.0%, and 75.0% at room temperature (25°C). The saturated salt solution of potassium acetate, with an equilibrium relative humidity of (22.51±0.32), magnesium nitrate (52.89±0.22), sodium chloride (75.29±0.12) were used to mimic the three different relative humidity environments at 25°C, i.e., room temperature (40, 41) .
Powder Characterization Using Rheometer
The wet mass obtained after granulation, dried granules, and the humidity-treated dried granules were all subjected to the rheological characterization using freeman technology (FT4) rheometer (Worcestershire, UK). The FT4 powder rheometer is a universal powder tester that can measure the dynamic, bulk, and shear properties of powders and granules. The instrument was calibrated for force, torque, height, and rotational and linear velocities prior to use. A conditioning cycle was generally used to establish a homogenized low stress packing in the powder bed and also to remove any precompression or excess air by exerting a slicing action of the blade downward, followed by an upward traverse which gently lifts the powder and drops it over the blade, each particle coming to rest behind it. After the conditioning cycle, the dynamic properties viz basic flowability energy (BFE), specific energy (SE), and aeration energy (AE), bulk properties viz compressibility and permeability, shear properties viz wall friction angle (WFA), and shear stress were measured (42) .
BFE Measurement
In accordance with the standard operating procedure, a 50 mm×160 mm of the cylindrical split vessel assembly was clamped on the platform of the rheometer and filled with the required sample to be assayed. The BFE is the energy required to establish a particular flow pattern in a conditioned precise volume of the powder. The 48-mm diameter twisted blade moving with a −100 mm/s tip speed and rotating at a −5°h elix was used to establish this flow pattern by the downward anticlockwise motion, resulting in a compressive relatively high stress flow mode in the powder sample. The amount of the work done by the blade in moving from top to bottom of the vessel by overcoming the resistance to the movement of the blade was found by integrating the area under the force-distance profile and was denoted as the BFE of the sample (43).
Specific Energy Measurement
The specific energy is calculated from the energy required to establish a particular flow pattern in a conditioned precise volume of the powder. The 48-mm diameter twisted blade that was used to measure the BFE when returning back from the bottom to the top was used to establish the same flow pattern, but by the upward clockwise motion of the blade moving at 100 mm/s and rotating at +5°helix. This resulted in the gentle shearing and lifting mode of displacement. The energy used was then divided by the split mass to obtain the specific energy. Due to this low stress ambience, cohesion is the most influential property.
Permeability Measurement
Permeability is a measure of how easily the air passes through a powder at increasing bulk stress. Pressure drop (PD) is used to characterize the effect on permeability. For the PD measurement, a 50 mm×85 ml of the cylindrical vessel was clamped on the platform of the rheometer with an aerated base at the bottom equipped with a constant air supply of 10 mm/s. In this test module, the conditioned powder sample was subjected to a normal stress range of 1 to 15 kPa with the aid of a vented piston. Air pressure drop across the powder bed (i.e., resistance to air flow through the powder bed) was measured for the applied normal stress by using the given equation:
Where k Permeability (cm 2 ) q Flux, or air flow rate (cm/s) L Length of powder bed ΔP Pressure drop across the powder bed (mbar)
Compressibility Measurement
Compressibility is a measure of changes in the powder's density owing to the direct application of a consolidating load. In this test, a vented piston was used to compress the conditioned sample contained in a 50 mm×85 ml cylindrical split vessel under increasing normal stress, which was applied for a defined period to equilibrate with the powder bed. Compressibility was then calculated based on the change in the compressed bulk density (CBD) as a measure of the percentage change in the volume calculated as follows:
Compressibility ¼ percentage change in volume after compression % ð Þ Bulk density ¼ split mass = volume after compression g=ml ð Þ
Aeration Energy/Ratio Measurement
For aeration testing, a 50 mm×260 ml vessel was clamped to the platform with an aerated base at the bottom, and the conditioned powder sample was checked for the variation in the flow properties due to an increasing air supply ranging from 2 to 10 mm/s. The twisted blade with a tip speed of 100 mm/s was used, and the changes in the aeration ratio and aeration energy was calculated using the formula:
Aeration ratio AR ð Þ¼Energy air velocity 0 mm=s ð Þ =Energy air velocity n ð Þ Aerated energy AE n ð Þ¼Energy air velocity n ð Þ mJ ð Þ
Aeration energy refers to the energy required to transform the powder bulk in to fluidized bed in which powder behaves as a fluid.
Wall Friction Measurements
Wall friction refers to the friction between the powder sample and the equipment surfaces. In this test module, a 50 mm×85 ml cylindrical split vessel was mounted on a serrated base placed on the rheometer platform, and the conditioned sample was subjected to varying consolidation stresses using the wall friction assembly (wall disc made of 316 stainless steel, having a roughness average of 1.2 μm), which operates on the principle of inducing both the vertical and the rotational stresses. The wall friction angle was determined by plotting each of the steady state shear stress (rotational stress) values against their corresponding normal stresses (vertical stress) and the effect of the powder flow properties against the material in contact studied. This parameter computes the force required to move a solid bulk against the specific wall material (44) .
where,τ w and σ w are the shear and the normal stress on the wall material, respectively.
Shear Cell Analysis
The shear cell analysis employed the use of the 50 mm×85 ml cylindrical split vessel mounted on a serrated base similar to the wall friction test. The conditioned powder sample after pre consolidating with the vented piston was over consolidated with respect to the normal stress applied during shearing. This was achieved by reaching a critical consolidation level at steady state flow and then reducing the normal stress for shearing using the shear cell module. The shear stress was increased until the bed failed or sheared, and the maximum shear stress was observed, which was denoted as the point of incipient failure or the yield point. Each of the incipient failure points were then plotted against their corresponding normal stresses to give the yield loci (44) .
These yield loci utilizing the Mohr's circle analysis as shown in (Fig. 1) (45) , acted as the basis of parameters obtained during shear test such as: cohesion, unconfined yield strength (UYS) (measure of the frictional and cohesion forces acting between powder particles at different degrees of consolidation), major principal stress (MPS) (pressure applied to consolidate the powder), and flow function (ff c ). The value for ff c is calculated as:
The measurements carried out in the shear test were based on the Jenike's assumptions regarding the flow measurements of bulk solids. Hence, the data obtained was analyzed and interpreted in the same way as that obtained from a Jenike shear tester (46, 47) .
Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) study was carried out using the Q100 (TA Instruments, New Castle, DE) with nitrogen (50 ml/min) as purge gas. The instrument was first calibrated with indium. The experiments were performed in hermetically sealed aluminum pans and the mass of each of the sample was 7±1.5 mg. The heating rate was maintained at 5°C/min from 20°C to 250°C. An important aspect while carrying out the DSC was that there was no time lag or delay when taking the DSC readings for the wet granulation sample and also for the humidity-treated granules (time bound experiment) to minimize errors in the results.
Compression of Tablets
Tablets were compressed for the end point granules with both the granulating fluids using a Carver ® press (model#2822, Fred S. Carver INC., Wabash, IN.. USA) at a compression force of 3000 lb. Tablets were subsequently tested for its hardness utilizing tablet tester 6D (Schleuniger Pharmatron, Inc., Manchester) and the values were noted.
Data Analysis
The raw data were treated and analyzed using the FT4 data analysis software version 4.0.14 (Freeman Technology Ltd, Tewkesbury, UK) 
RESULTS
Thermal Effusivity Measurements
As evident from (Fig. 2) , the effusivity values for the wet granules formed using water as solvent showed a gradual increase up to 50% w/w binder solution. However, beginning 50% w/w binder solution, a steep increase in the effusivity value was observed, which ultimately led to the slurry formation at 65% w/w with values touching around 1647 (Ws 1/2 /m 2 K). A similar trend was followed for the effusivity values using ethanol/water (80:20) as solvent up to 50% w/w binder solution; a steep increase beginning 50% w/w and finally the slurry formation at 65%, but values touching around 1050 (Ws 1/2 /m 2 K). Although 50% w/w binder solution was denoted as the end point for wet granulation in (water solvent) case, but a force overload detection of this batch while operating in the FT4 Rheometer led to 47.5% w/w binder solution as the final wet granulation end point for the purpose of rheological characterization. On the other hand, a force overload in the FT4 rheometer at 52.5% w/w binder solution (ethanol/water solvent) led to 50% w/w binder solution as the wet granulation end points for the same rationale as mentioned earlier.
Measurement of Dynamic Properties (BFE, SE, and AE)
Wet Granules
The BFE values for the wet granules (Fig. 3a) formed using both the granulating fluids were fairly low for the first two points. However, it showed an increasing trend with an increase in the percentage w/w binder solutions in both cases. Furthermore, a sharp increase in the BFE (Fig. 3a) and SE (Fig. 3b) values at 47.5% w/w binder solution in case of (water solvent), and 50% w/w binder solution in case of (ethanol/ water solvent) was observed.
The SE values remained almost constant for the first two points and then soared as it reached the wet granulation end point in both the cases. As a general trend, the BFE and SE values obtained in case of (ethanol/water solvent) granules were comparatively quite high as compared to the (water solvent) granules.
Dried Granules
The BFE (Fig. 3c) and SE (Fig. 3d) follow the same trend as for the wet granules except that the values are significantly lower for the ethanol/water solvent.
As seen from Fig. 3g , the dried granules showed an increasing trend in the aeration energy with a proportionate increase in the percentage w/w binder solutions in both cases. However, the increase in the case of water solvent granules is quite high as compared to the increase in the case of (ethanol/ water solvent) granules.
Humidity-Treated End Point Granules
These granules show little to no variation in the BFE (Fig. 3e ) and the SE (Fig. 3f) values in both the cases.
Measurement of Bulk Properties (Permeability and Compressibility)
Wet Granules
As evident from Fig. 4a , higher initial Pressure Drop (PD) values were reported in both cases. However, with an increase in percentage w/w binder solution, a steady decline in the PD values was observed
Dried Granules
The PD values for dried granules in both cases (Fig. 4b) followed the same pattern as obtained for the wet granules. Interesting results were obtained for the compressibility data. As shown in Fig. 4d , the percentage compressibility (CPS) values for water solvent granules showed a curvilinear trend, whereas the CPS values for the ethanol/water solvent granules showed no significant variation with the increase in the (w/w) percentage binder solution.
Humidity-Treated End Point Granules
The PD values (Fig. 4c) and the CPS values (Fig. 4e) showed little to no variation on the permeability of the powder bed and compressibility, respectively, when exposed to different relative humidity conditions.
Measurement of Shear Properties (Wall Friction Angle and Shear Stress)
Dried Granules
An increasing trend in the wall friction angle (Fig. 5a ) with an increase in the percentage (w/w) binder solution was observed in both cases. The UYS (Fig. 5c) and cohesion values (Fig. 5d ) increased significantly in both cases, and consequently, the ff c value decreased proportionately with an increase in the percentage (w/w) binder solution. 
Humidity-Treated End Point Granules
The WFA values (Fig. 5b) were almost consistent with each other in both cases upon exposure to different relative humidity conditions. The UYS, cohesion, and ff c values (Fig. 5e, f) of the end point granules were hardly affected upon exposure to different relative humidity conditions.
DSC Measurements
Wet Granules
With an increasing concentration of the percentage w/w binder solutions for (water solvent) granules (Fig. 6a) , a proportionate increase in the sharpness of the endothermic peak was observed. The end point peak for these granules was obtained around 100°C. On the other hand, for (ethanol/water solvent) granules (Fig. 6b) , the endothermic peak remained constant for the first two points, but shot up for the end point peak around 70°C.
Humidity-Treated End Point Granules
The enthalpy value of (water solvent) dried granules (control) (Fig. 6c) , was found to be higher than the humidity-treated granules which decrease in the order of 75%>53%>22.5%. On the other hand, the enthalpy value of (ethanol/water solvent) dried granules (control) (Fig. 6d) , was found to be lower than the humidity-treated granules. 
Tablet Hardness
The tablets formed from the (water solvent) granules showed less hardness as compared to the ones from the (ethanol/water solvent) granules.
DISCUSSION
Thermal Effusivity Analysis
These measurements are mainly used as a tool to determine the wet granulation end point, and also provide a brief perspective of the batches to be made at a large-scale laboratory for the rheological assessment of powders. Considering water has an effusivity of 1600 (Ws 1/2 /m 2 K), a slight addition of the binder solution produces a measurable effect on the effusivity readings. Density is also dependent on the particle size and the binder solution added. And the heat capacity values are also subject to changes based on the binder solution adsorbed (16) . As shown in (Fig. 2) , the steep increase in the effusivity value beginning 50% w/w binder solution (water solvent) granules, suggests over-wetting of the granules. And the slurry formation at 65% w/w binder solution implies that the particles are being completely surrounded by water molecules, as the reading is representative of water (48, 49) .
A similar explanation holds true for ethanol/water (80:20) as solvent, with the effusivity values at 65% w/w binder solution being illustrative of the hydroethanolic solvent. Characterization of the Dynamic Properties (BFE, SE, and AE)
Wet Granules
As seen from Fig. 3a , the lower BFE value of the first two points in both cases can be attributed to the fine cohesive powder resulting in a localized stress transmission zone. The sharp increase in the BFE (Fig. 3a) and SE (Fig. 3b) values at 47.5% w/w binder solution (water), and 50% w/w binder solution (ethanol/water mixture) corresponds to the transformation of the dry powder to granules which is further confirmed by the visual difference of the resultant products. The granules thus formed pack themselves efficiently and show significant adhesive property, thereby offering considerable resistance to the flow. The resulting high number of friction surfaces and high-contact stresses contribute substantially to the high BFE reading at the end point of wet granulation (37, 42) .
The massive difference in the readings of BFE and SE in case of (ethanol/water solvent) granules as compared to the (water solvent) granules corresponds to the hygroscopic nature of MCC PH-101 (50, 51) . The high propensity of MCC towards water than ethanol/water solvent results in the latter floating on the surface of the powder, thus favoring more particle to particle friction and cohesion, and ultimately more resistance to the flow.
Dried Granules
As seen from (Fig. 3c, d ), a significantly lower BFE and SE values for (ethanol/water solvent) dried granules reflects that the solvent is not being entrapped by MCC due to its low proclivity towards the same as opposed to (water solvent) dried granules.
The higher increase in AE in case of (water solvent) granules as compared to the (ethanol/water solvent) granules can be accredited to more cohesive forces still Comparison of the DSC thermograms of dried and RH-exposed end point granules (water alone solvent batch) and (ethanol/water solvent batch), respectively existing between the former granules due to the hygroscopic nature of MCC (50, 52) . This prohibits the complete separation of particles and the air channels or flows through the bulk of the powder. Besides cohesion, the density of the granules also plays a vital role in the aeration process. Since the density of water is more than ethanol, and the fact that equal volumes of the sample were taken during testing, the granules formed from water solvent are denser than the granules formed from ethanol/ water solvent hence requiring more aeration energy for them to be lifted as opposed to the lighter ethanol/water granules.
Humidity-Treated End Point Granules
The little to no variation in the BFE (Fig. 3e ) and the SE (Fig. 3f) values in both cases, suggests no change in the flow energies of the granules upon exposure to different relative humidity conditions.
Characterization of Bulk Properties (Permeability and Compressibility)
Wet Granules
The initial high PD value in both cases (Fig. 4a) , represents what predominantly are fines which provide more resistance for the air to pass through the bulk, thus making it less permeable. And the steady decline in PD values in both cases with an increase in percentage w/w binder solution can be attributed to the formation of granules. These granules pack themselves in a way that promotes the efficient flow of air through them and hence, lesser values.
Dried Granules
The similar pattern of the PD values of dried granules as that of wet granules again reflects that the granules offer less resistance to the air flow as they approach the granulation end point.
Humidity-Treated End Point Granules
Almost unaffected PD (Fig. 4c) and CPS (Fig. 4e) values in both cases, suggests that the permeability and compressibility of the granules are impervious to the different relative humidity conditions.
Characterization of Shear Properties (Wall Friction Angle & Shear Stress)
Dried Granules
As shown in (Fig. 5a) , the gradual increase in the WFA with an increase in the percentage (w/w) binder solution in both cases, attributes to the greater shear stress required to overcome the increasing cohesive forces and finally reach the incipient failure.
As evident from (Fig. 5c, d ), the increasing UYS and cohesion values upon addition of more of the binder solution attributes to the increasing resistance to fail (break) the bed. This increase in resistance reflects greater frictional and cohesive forces between the powder particles. The decline in the ff c value indicates that the particular powder sample flows with less ease when subjected to the same stress conditions, further confirming the increase in cohesivity of the powder bed.
Humidity-Treated End Point Granules
As indicated in (Fig. 5b, e, f) almost consistent WFA, UYS, cohesion, and ff c values in both cases, suggest that the different relative humidity conditions did not impact the cohesive forces among the granules significantly (30).
DSC Analysis
Wet Granules
As shown in (Fig. 6a) , the proportionate increase in the sharpness of the endothermic peak with an increase in concentration of the percentage w/w binder solution for (water solvent) granules suggests an increase in the enthalpy values found by integrating the peaks (52) . And the appearance of end point peak around 100°C reflects that water is no longer retained inside the granules but appears on the surface, thus further confirming the wet granulation end point (16) . A similar explanation holds true for the end point endothermic peak obtained around 70°C for (ethanol/water solvent) granules.
Humidity-Treated End Point Granules
As indicated in (Fig. 6c) , the higher enthalpy values for (water solvent) dried granules (control) than the humidity-treated granules could possibly be explained by the fact that the dried end point granules still have some entrained water molecules owing to the hygroscopicity of MCC (53), corresponding to an enthalpy of (650.5 J/g). Because the humidity chamber works on the principle of equilibration of the moisture content inside the granules and the ambient environment (54), the 75% RH chamber results in comparative less loss of water molecules from the powder to the inside environment as opposed to the 53% RH and the 22.5% RH chambers; thereby meaning more moisture still entrapped in the granules exposed to the 75% RH, which is evident from its higher enthalpy value. But the enthalpy difference for the three RH conditions cannot be accounted for a significant change. Figure 6d represents the humidity-treated end point granules (ethanol/water solvent). Owing to the absence of any entrapped water molecules, the granules, while attaining the equilibrium moisture absorb some of the water molecules from the inside environment into the granules. Although, the enthalpy value for the %RH conditions shows a slight rise than for the dried granules, the values remained almost constant for the three different %RH conditions, suggesting little to no effect of the %RH on the granules.
Tablet Hardness Analysis
From Table I , it is very much evident that the tablets formed from the water solvent granules showed less hardness, as compared to the ones from the ethanol/water solvent granules. A possible explanation to this difference in the hardness property can be attributed to the fact that MCC, being hygroscopic in nature, still has some entrapped water molecules as it forms irreversible hydrogen bonding with water (55) . As a result of this, there is less number of -H group available to form new bonds. Since the bonding strength of MCC is more in water granules as compared to those with ethanol/water granules, therefore, the water granules show poor compressibility and compactibility, which thus leads to lower tablet hardness (56, 57) . Ethanol/water (80:20) as solvent on the other hand completely evaporates, thus imparting more hardness to the tablets.
CONCLUSION
The TC probe and the FT4 powder rheometer can together be used as a tool to determine the optimum wet granulation end point. The flow properties of the granules still remain a complex science depending upon a number of factors, such as shear strength, compressibility, cohesiveness, air content, and other parameters. The above study concludes that the granulating fluids play a vital role in the wet granulation end point and also on the dynamic, bulk, and shear properties of the granules in case of HPMC as the binder for MCC, which would further help the formulation scientists to gain better insight into the granulating fluid selection and determining the end point of wet granulation. Also, a positive correlation between the FT4 rheometer and the DSC data for the humidity-exposed granules suggested little or no effect on the rheological properties, thereby providing better acumen for determining the optimum storage conditions for granules used in the pharmaceutical industry. 
